Abstract Oral fluid (OF) enables non-invasive sample collection for on-site drug testing, but performance of on-site tests with occasional and frequent smokers' OF to identify cannabinoid intake requires further evaluation. Furthermore, as far as we are aware, no studies have evaluated differences between cannabinoid disposition among OF collection devices with authentic OF samples after controlled cannabis administration. Fourteen frequent (≥4 times per week) and 10 occasional (less than twice a week) adult cannabis smokers smoked one 6.8 % Δ 9 -tetrahydrocannabinol (THC) cigarette ad libitum over 10 min. OF was collected with the StatSure Saliva Sampler, Oral-Eze, and Draeger DrugTest 5000 test cassette before and up to 30 h after cannabis smoking. Test cassettes were analyzed within 15 min and gas chromatography-mass spectrometry cannabinoid results were obtained within 24 h. Cannabinoid concentrations with the StatSure and Oral-Eze devices were compared and times of last cannabinoid detection (t last ) and DrugTest 5000 test performance were assessed for different cannabinoid cutoffs. 11-nor-9-Carboxy-THC (THCCOOH) and cannabinol concentrations were significantly higher in Oral-Eze samples than in Stat-Sure samples. DrugTest 5000 t last for a positive cannabinoid test were median (range) 12 h (4-24 h) and 21 h (1-≥30 h) for occasional and frequent smokers, respectively. Detection windows in screening and confirmatory tests were usually shorter for occasional than for frequent smokers, especially when including THCCOOH ≥20 ng L −1 in confirmation criteria. No differences in t last were observed between collection devices, except for THC ≥2 μg L −1 . We thus report significantly different THCCOOH and cannabinol, but not THC, concentrations between OF collection devices, which may affect OF data interpretation. The DrugTest 5000 on-site device had high diagnostic sensitivity, specificity, and efficiency for cannabinoids.
True positive 2D-GC-MS Two dimensional gas chromatography mass spectrometry 11-OH-THC 11-Hydroxy-THC
Introduction
Cannabis is the most commonly used illicit drug worldwide, with 2.8-5.0 % of 15-64 year-olds (129-230 million people) consuming cannabis at least once in 2011 [1] . Δ 9 -Tetrahydrocannabinol (THC), the main psychoactive component of cannabis, was the most prevalent illicit drug detected in injured drivers in Victoria, Australia (9.8 %) [2] . Cannabinoids were found in 8.6 % of nighttime drivers' blood and/or oral fluid (OF) in the 2007 US Roadside Survey [3] .
With changes to drug policy for recreational and medicinal cannabis intake, increased recreational and medicinal cannabis use [1, 4, 5] , and reduced perceived risk [3] , rapid and accurate on-site cannabinoid testing is required. OF is increasingly used for on-site drug testing in drug treatment, workplace, pain management, and driving under the influence of drugs (DUID) testing. OF advantages include noninvasiveness, observed specimen collection, and lower potential for adulteration compared with urine. Optimum OF on-site devices require rapid analysis times, OF collection volume indicators, objective result interpretation, and quality-control information, for example adequacy of lateral flow. However, different device formulation, including elution buffers, sample collection volume, buffer dilution, cannabinoid antibodies, and detection mechanisms make comparison of performance among devices difficult. Furthermore, manufacturers make frequent device reformulations to improve cannabinoid sensitivity. Many previously available on-site devices failed to meet the 80 % diagnostic sensitivity, specificity, and efficiency criteria proposed by the driving under the influence of drugs, alcohol and medicines (DRUID) project for OF drug detection [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . On-site OF cannabinoid efficiency was 80 % for OraLine IV s.a.t. [8] , 57.5-92.8 % for Drugwipe 5 [10] [11] [12] [13] 16] , 60-94.3 % for Cozart DDSV [14, 12, 17] , 66-93.0 % for RapidStat [12, 13, [15] [16] [17] , 94.3 % for A-Concateno DDS [16] , 68-96.1 % for DrugTest 5000 [12, 13, 16, 17] , and 78-90.9 % for OrAlert [12, 17] . Although the OraLine IV s.a.t. and A-Concateno DDS devices achieved ≥80 % efficiency, sensitivity was only 69.2 % and 37.8 %, respectively.
Overall, the authors concluded that the DrugTest 5000 achieved the best diagnostic efficiency for detection of OF cannabinoids [13, [16] [17] [18] .
We recently documented high diagnostic sensitivity (90.7 %), specificity (75.0 %), and efficiency (87.9 %) for the DrugTest 5000 with the manufacturer's 5 μg L −1 screening cutoff and a 2 μg L −1 THC confirmation cutoff [19] . However, that study included only frequent smokers and monitored cannabinoids for only 22 h after smoking, leading to overall high cannabinoid concentrations and too few true negatives to evaluate specificity. Others also evaluated this newest DrugTest 5000 version (5 μg L −1 THC screening cutoff) and reported diagnostic sensitivity, specificity, and efficiency of 53-93, 71-99, and 84-94.3 %, respectively, with OF THC confirmation cutoffs of 1-10 μg L −1 [12, 13, 16, 17] . Recency of smoking was shown to affect diagnostic sensitivity and efficiency [12, 18] . As far as we are aware, no studies have evaluated differences among OF collection devices after controlled smoking and with authentic OF samples, although significantly higher concentrations were found in expectorated OF from Dutch "Coffee Shop" patrons than in samples consecutively collected from the same individuals with the StatSure device [20] . Furthermore, OF THC concentrations in consecutively collected duplicate expectorated samples were much more variable than samples collected with the StatSure device. No significant differences between OF samples simultaneously collected with the Quantisal [21] or Intercept devices [22] were noted.
To address these knowledge gaps, we evaluated performance characteristics and OF detection windows for the on-site DrugTest 5000 and the StatSure and OralEze devices for occasional and frequent cannabis users after smoking of a 6.8 % THC cigarette. THC, 11-nor-9-carboxy-THC (THCCOOH), 11-hydroxy-THC (11-OH-THC), cannabidiol (CBD), and cannabinol (CBN) were quantified by two-dimensional gas chromatography-mass spectrometry (2D-GC-MS) [23] to investigate different cannabinoid markers and windows of cannabinoid detection to meet the objectives of diverse drugtesting programs. Pregnancy tests were administered at screening and on study admission to women with reproductive potential.
Methods

Participants
Study design
Participants entered the secure research unit approximately 19 h before smoking, to preclude intoxication at the time of cannabis dosing. Participants smoked one (average±SD) 6.8±0.2 % (54 mg) THC, 0.25±0.08 CBD (2 mg), and 0.21±0.02 % CBN (1.6 mg) cannabis cigarette ad libitum for up to 10 min. OF was collected with the StatSure Saliva Sampler (StatSure Diagnostics Systems, Framingham, MA, USA), the Oral-Eze (Quest Diagnostics, Madison, NJ, USA), and the DrugTest 5000 (Draeger Safety Diagnostics, Lübeck, Germany), in that sequence. The StatSure device consists of an absorptive cellulose pad placed below the tongue, a volume adequacy indicator that turns blue on collection of 1.0 mL OF, and a polypropylene tube containing 1 mL elution/stabilizing buffer, yielding 1/2 OF dilution. The Oral-Eze device has an absorptive cotton pad positioned between the lower cheek and gum (with plastic shield against the cheek), a volume adequacy indicator that turns blue on collection of 1.0 mL OF, and a plastic tube containing 2 mL stabilizing buffer, yielding a 1/3 OF dilution. The DrugTest 5000 test cassette is equipped with a polymeric noncompressible pad for OF collection. OF was collected by swiping the test cassette on the tongue and side of the cheeks. The test cassette collects 270 μL±15 % OF, as indicated by the volume adequacy indicator. Oral intake (eating, drinking, cigarette smoking) was prohibited 10 min before OF collection. Samples were collected on admission, 1 h before, and 0.5, 1, 2, 3, 4, 5, 6, 8, 10.5, 13.5, 21, 24, 26, 28, and 30 h after the start of smoking. OF was collected until the volume indicator turned blue or for a maximum of 10 min. StatSure samples were stored upright at 4°C and Oral-Eze samples were stored horizontally at room temperature in accordance with the manufacturers' recommendations; all (except 5 Oral-Eze samples analyzed within 96 h) were analyzed within 24 h of collection. Participants remained at the secure residential unit until the end of the study.
Sample analysis THC, 11-OH-THC, THCCOOH, CBN, and CBD were quantified by 2D-GC-MS in accordance with a method reported elsewhere [23] , with minor modifications. For the StatSure, calibrators and quality controls were prepared in 0.25 mL blank OF and 0.25 mL StatSure buffer to take into account OF dilution. For the Oral-Eze, calibrators and quality controls were prepared with 0.25 mL blank OF and 0. Amounts detected and windows of detection were evaluated with the DrugTest 5000 and different confirmation analytes and cutoffs.
The Mann-Whitney U test was used to compare time of last detection between occasional and frequent smokers for different screening and confirmation cutoffs; detection ≥30 h was assigned as 30 h for statistical purposes. The Wilcoxon signed rank test was used to compare Oral-Eze and StatSure concentrations and times of last detection (t last ) between devices; a 1 μg L −1 cutoff was used for CBN to keep consistency between devices. Any pair for which the StatSure or Oral-Eze volume adequacy indicator did not turn blue was excluded.
All analysis was performed with SPSS Version 20 (IBM, Armonk, NY, USA), with two-tailed p<0.05 considered significant.
Results
Human participants
Fourteen healthy frequent and 10 occasional smokers (17 men, 7 women), ages 19-41 years, participated in the study (Table 1) . Frequent smokers were significantly younger, had smoked for a significantly shorter period of their lifetime, and smoked significantly more recently, more joints or jointequivalents (empirically-normalized joint consumption, to take into account different smoking methods, i.e. bowl, pipe, blunt) in the last 14 days, and more frequently than occasional smokers. Two participants (M and N) were originally classified as occasional smokers by self-report, but after analysis of multiple biological (blood, urine, and oral fluid) samples were reclassified as chronic frequent smokers.
Sample analysis
Participant B withdrew from the study after the 26 h sample collection; 28 and 30 h OF samples were not collected. Additional Oral-Eze and DrugTest 5000 samples were missed for participant C at 0.5 h because of an adverse event, and for participant E at 30 h because of a broken Oral-Eze tube. were negative on admission for all analytes and cutoffs, whereas 85.7-100 % of frequent smokers were positive on admission, depending on the collection device and cutoff. Adding the DrugTest 5000 results generally reduced detection rates ( Figs. 1 and 2 ). Detection windows were usually shorter for occasional smokers than for frequent smokers, especially when THCCOOH ≥20 ng L −1 was included in the confirmation criteria ( Table 2) . Three frequent smokers were still DrugTest 5000 positive at 30 h, but had 1, 5, and 5 negative samples before 30 h. Cannabinoid t last values were not significantly different between devices, except for THC ≥2 μg L −1 (Table 3) .
DrugTest 5000 and confirmation comparison Diagnostic sensitivity, specificity and efficiency for multiple confirmation cutoffs are shown in Table 4 . When confirming for THC only, diagnostic sensitivity was 5.7-11.0 percentage points higher for frequent as compared with occasional smokers, because of longer detection windows and higher true-positive rates (e.g., 70.6 % vs. 59.6 % for frequent and occasional smokers, respectively, at the 1 μg L −1 Oral-Eze cutoff). Similarly, increased diagnostic sensitivity, specificity, and efficiency were usually documented when considering only 6 or 8 h post-smoking, because of higher concentrations and higher true positive rates for occasional and frequent smokers.
Discussion
As far as we are aware, no other studies have compared cannabinoid concentrations among OF collection devices from authentic OF samples after controlled cannabis smoking. In addition, we evaluated detection windows for one screening and two confirmation OF collection devices for cannabinoids in OF from occasional and frequent smokers. THCCOOH and CBN concentrations were significantly higher for Oral-Eze devices. StatSure samples were collected immediately before Oral-Eze samples. Perhaps the presence of the StatSure device in the mouth stimulated OF production, but it is unclear how this could have resulted in higher THCCOOH and CBN concentrations with the Oral-Eze device. Although both devices theoretically collect 1 mL, actual OF volume collected might vary. Previous work documented (on the basis of weight) a mean (RSD) of 0.952 mL (11.97 %) OF for OF collected with the StatSure device [26] ; no data are available for the Oral-Eze device. Differences in collected OF volume could potentially explain the differences in THC, CBD, CBN, and THCCOOH, respectively [25] . The lower cannabinoid recoveries for THC, CBD, and CBN from the Oral-Eze pads are inconsistent with higher Oral-Eze concentrations. Other potential explanations for the different concentrations are placement of the device in the mouth (under the tongue for the StatSure and between the gum and the cheek for the Oral-Eze), different pad composition and thickness, different elution/stabilizing buffer, and sequential (rather than simultaneous) OF collections. Concentration differences because of analyte instability are not expected, because all but five Oral-Eze samples were analyzed within 24 h of collection.
As far as we are aware, no other study has evaluated differences in authentic cannabinoid OF concentrations among collection devices after cannabis smoking. Langel et al. evaluated analyte recovery from fortified samples and collected OF volume from eight OF devices; however, concentrations from authentic OF samples were not evaluated [26] . One study compared expectorated and StatSure OF samples and reported high concentration differences between the two collection methods [20] . In general, expectorated THC concentrations were six times higher than StatSure concentrations, and consecutively collected expectorated samples varied much more in concentration than consecutively collected StatSure samples. The authors suggest that THC adsorption by cell debris in the OF could explain higher concentrations in expectorated OF, and that inhomogeneous THC distribution in the mouth could explain the higher variability in the expectorated OF compared with the StatSure (which is always placed under the tongue). Others documented no significant differences between simultaneously collected OF with the Quantisal [21] or Intercept devices [22] .
Given the higher THCCOOH concentrations in the OralEze samples, it is not surprising that THCCOOH detection Oral-Eze THCCOOH≥20 ng L ) greatly reduced detection rates in this cohort for the Oral-Eze and StatSure devices (Fig. 1) . We previously reported that higher THCCOOH OF concentrations in frequent smokers were because of their frequent past selfadministered cannabis intake and high THC body burden [24] .
No differences between t last were observed between collection devices, except for THC ≥2 μg L −1
. In this case, StatSure OF samples had a later t last . It is unclear why there was a significant difference for this cutoff, because Oral-Eze concentrations were not significantly different. However, for one participant (participant K), THC concentrations were just above the 2 μg L −1 cutoff with the StatSure device but just below the 2 μg L −1 cutoff with the Oral-Eze between 8 and 21 h post smoking, possibly explaining the significantly later t last for StatSure samples. Frequent smokers' t last were generally later; had we captured the true t last and not had to assign ≥30 h assigned as 30 h for statistical purposes, group differences could have varied from those reported here. When considering screening and THC confirmation tests, the DrugTest 5000 was usually the limiting factor in the positivity rate because of its higher 5 μg L −1 cutoff compared with GC-MS 1 and 2 μg L −1 cutoffs (Fig. 2) . The only exception was for occasional smokers when THCCOOH ≥20 ng L −1 was required for positive confirmation, because of low THCCOOH OF prevalence in this group. These data are consistent with our previously reported evaluation of the DrugTest 5000 for chronic frequent cannabis smokers [19] . Similarly, detection times were reduced with the DrugTest 5000 (Table 2) , and differences between occasional and frequent smokers' t last were reduced except when THCCOOH was a required confirmation analyte. Diagnostic sensitivity and efficiency after controlled smoking of cannabis were slightly lower than previously reported; however, diagnostic specificity was higher [19] . This can be explained by the higher proportion of true negatives in this study compared with our previous study. Others reported diagnostic sensitivity, specificity, and efficiency of 53-93, 71-99, and 84-94.3 %, respectively (confirmation cutoffs of 1-10 μg L −1 OF THC) [12, 13, 16, 17] . Our data are consistent with our previously published data, indicating that the highest diagnostic efficiency was achieved with a 2 μg L −1 THC confirmation cutoff. Sensitivity was lower for occasional smokers than for frequent smokers (when considering only THC for confirmation), because of the generally higher concentrations in frequent smokers' OF at the later time points. This resulted in a lower incidence of true positives for occasional smokers. Similarly, diagnostic sensitivity, specificity, and efficiency improved for occasional and frequent smokers when considering samples collected up to 6 or 8 h post dose, because of the higher incidence of true positive tests. This is consistent with two previous studies that documented higher sensitivity for samples collected recently after smoking [18, 12] . Requiring THCCOOH (THC and THCCOOH statement) for confirmation generally reduced diagnostic specificity and efficiency, as it increased the number of DrugTest 5000 false positives, especially for frequent smokers. Because of the low LOQ for THCCOOH and high cannabinoid body burden in frequent smokers, THCCOOH remained positive when THC was no longer detected in OF, increasing the detection rate and window of detection [27] .
Conclusion
We document, for the first time, OF cannabinoid disposition in occasional and chronic frequent cannabis smokers with an onsite screening device and with two OF collection devices after controlled smoking of cannabis. We report significantly different THCCOOH and cannabinol, but not THC, concentrations between OF collection devices, which may affect OF data interpretation. The DrugTest 5000 on-site device has high diagnostic sensitivity, specificity, and efficiency for OF cannabinoid detection.
